Leaf surfaces can support the development of large populations of diverse bacteria, and most plant-pathogenic bacteria multiply on the leaf surface before they initiate disease (19) . Pseudomonas syringae is a prominent example of such epiphytic bacteria in that it can cause disease on many plant species and can incite frost damage because of its ice nucleation activity (20) . This species often establishes large epiphytic populations on host and nonhost plants (for a review, see reference 20) , and studies have shown that the establishment of large epiphytic populations is a prerequisite for disease or frost occurrence (29, 44) . The epiphytic bacterial population of entire leaves is usually estimated, and quantitative analysis of epiphytes on leaves at smaller spatial scales is lacking. A few studies have reported large variations in population sizes of individual bacterial species between leaves or between individual 9-mm 2 leaf segments (23) , strongly suggesting that bacterial populations are highly variable in size even at small spatial scales.
The patchy recovery of bacteria from leaves in leaf imprint studies suggests that bacteria do not occur in a uniform pattern across leaf surfaces but tend to be localized in particular sites (27) . The nature of these sites has been qualitatively studied using scanning electron microscopy, and the most-common sites of bacterial colonization reported were at the base of trichomes, at stomates, and in epidermal cell grooves along veins (31, 33, 43, 46) . While most of these observations suggest a relatively scattered colonization, large aggregates embedded in an exopolymeric matrix have been reported on leaf surfaces of different plant species (17, 18, 37) . However, such reports do not provide enough information as to the ubiquity or importance of such aggregated cells.
Bacterial aggregates observed on leaf surfaces have characteristics similar to those of cells in biofilms that have been described in aquatic and medical environments (13) . Cells in biofilms are encased in a spatially structured exopolymeric matrix. The presence of an exopolymeric matrix may lead to the creation of physical barriers and chemical gradients that can concentrate nutrients from dilute sources, provide protection against predators, and shield cells from lytic enzymes, antibiotics, or other inhibitory compounds (for reviews, see references 13, 14, 36, and 42) . A localized high level of density of cells may foster genetic and metabolic exchange. The epiphytic survival of bacteria during desiccation is likely enhanced when they are embedded in a hydrated polymer. The physiology and phenotypes of cells within biofilms have also been reported to be markedly different from those of planktonic cells of the same species. Aggregates may also locally facilitate coordinated bacterial population responses for traits expressed in a density-dependent manner through quorum sensing. Cha et al. (11) have found that many plant-pathogenic bacteria produce autoinducers, suggesting that density-dependent expression of traits (such as virulence factors) involved in interactions with plants is also common on leaf surfaces (15) . Since the leaf surface is an unsaturated (i.e., water-limited) environment with constantly changing conditions during the course of the day, some of the properties of bacterial aggregates on leaves might differ from those of biofilms observed in aquatic habitats.
An initial attempt to measure aggregate abundance on leaves (38) revealed that aggregated populations on fieldgrown broad-leaved endive and parsley leaves constitute between 10 and 40% of the total bacterial population. However, the authors used a semidestructive method that combined leaf washing, filtration, and ultrasonication which did not allow them to determine aggregate sizes or their locations on the leaf surface or to account for cell disintegration or aggregation that might have occurred during removal. With the use of P. syringae pv. syringae strain B728a on bean leaves as a model, the objective of our study was to quantitatively describe the frequency, size, and spatial distribution of bacterial aggregates on leaf surfaces. It has been reported that the majority of the cells of P. syringae associated with healthy bean leaves are present on the plant surface (49) , and our preliminary microscopic observations revealed the presence of large aggregates on bean leaf surfaces within a few days after inoculation of plants with P. syringae pv. syringae strain B728a. Our approach consisted of analyzing captured digital images of bacteria (visualized by epifluorescence microscopy) directly on the leaf surface after staining with acridine orange. We demonstrate that bacterial aggregates occur in a wide range of sizes and are not randomly distributed on the leaf surface, reflecting the variability of the leaf surface environment, and discuss the ecological significance of the large aggregates formed on leaves and factors fostering their formation.
MATERIALS AND METHODS
Bacterial strain and culture media. Pseudomonas syringae pv. syringae strain B728a is a spontaneous rifampin-resistant derivative of a strain isolated from a bean leaflet. Its characteristics have been previously reported (5, 20, 30) . Cultures were stored at Ϫ80°C in 15% (vol/vol) glycerol in 10 mM potassium phosphate buffer (PB) (pH 7.0) and routinely grown on King's medium B (22) (KB). Bacteria were cultured for 24 h at 28°C on KB containing rifampin (100 g/ml) for inoculum production. The cells were harvested from plates with a sterile loop and suspended in 1 mM PB. The cell concentration was estimated by spectrophotometry and adjusted by dilution with PB to the desired concentration.
Plant inoculation. All experiments were conducted with 2-week-old bean plants (Phaseolus vulgaris cv. Bush Blue Lake 274) grown in a greenhouse and incubated in the laboratory under controlled conditions similar to those of other studies (5) . The bacteria were applied by immersing the plants in a suspension of P. syringae pv. syringae strain B728a (10 5 CFU/ml) for about 3 s. The plants were then kept at 22°C in a moist chamber maintained at close to 100% relative humidity (RH) (12-h photoperiod). After 2 days, half of the plants were transferred to a growth chamber and maintained at 22°C (12-h photoperiod) under conditions of a low level of RH (Ͻ50% RH) for the duration of the experiments. Plants of the same genotype were also grown for 40 days in a field site located in Berkeley, California.
Estimation of bacterial population sizes. Culturable bacterial population sizes on symptomless primary leaves randomly sampled from bean plants, as well as on individual leaf segments, were estimated by dilution plating of leaf washings. At each sampling time, 15 leaves were individually placed in 20 ml of washing buffer (100 mM PB [pH 7.0] containing 0.1% Bacto Peptone; Difco) and sonicated for 7 min in an ultrasonic cleaning bath to recover bacterial cells as described for other studies (39) . The weight and surface area of each individual leaf sampled were also measured. To quantify the distribution of population sizes across a leaf, individual leaves were cut into 44-mm 2 leaf segments; population sizes were estimated separately on individual segments. The total number of segments per leaf ranged from 54 to 72. For each leaf, segments were cut using a flamesterilized razor blade, placed in individual sterile Eppendorf microcentrifuge tubes containing 500 l of washing buffer, and sonicated for 7 min. Appropriate dilutions of leaf or leaf segment washings were plated using a spiral plater (Spiral Systems Inc., Cincinnati, Ohio) on KB and on KB containing rifampin, cycloheximide (Sigma Co., St. Louis, Mo.) (100 g/ml), and benomyl (Dupont, Wilmington, Del.) (50 l/mg). The population sizes were estimated from colony counts on plates after 2 to 3 days of incubation at 28°C.
Visualization of cells by microscopy. The frequency, size, and localization of bacterial aggregates were determined at the microscale by analysis of digital images of micrographs of epiphytic bacteria before and immediately after inoculation and at 2, 7, and 8 days following inoculation of P. syringae pv. syringae strain B728a onto leaf surfaces. At each sampling time, three leaves were randomly selected and 5 to 10 segments (1 by 1 cm) were randomly cut per leaf. Each segment was then individually dipped in a solution of acridine orange (0.1%, pH 7.0) for 2 min to allow visualization of both the bacterial cells and the anatomical structures of the leaf surface (adapted from reference 37). A 1% solution of water agar was prepared and set aside in liquid phase in a water bath at 50°C Leaf segments were then air dried, placed on top of 100 l of molten water agar on a microscope slide to ensure a flat surface for microscopic observations, and observed after solidification of the agar (i.e., after about 20 s). The upper surface of primary leaves was observed in all experiments. Samples were viewed by epifluorescence microscopy with an Axiophot microscope equipped with a 20ϫ, 1.30-numerical-aperture Plan Neofluar objective (Zeiss Inc., Oberkochen, Germany). A long-pass filter for fluorescein was used in combination with a short-pass filter (Melles-Griot, Irvine, Calif.) (650 nm) to partially block the red autofluorescence of the leaf but not the acridine orange fluorescence. A total of 5 to 10 random fields of view were selected per leaf segment, and the corresponding images were captured with an Optronics DEI750 video camera.
Viability of bacterial cells was determined using a Live-Dead staining kit (Molecular Probes Inc., Eugene, Oreg.). Cells removed from leaf surfaces by sonication were stained and filtered through black polycarbonate filters (Millipore Co., Bedford, Maine) (0.2-m-pore-size diameter). The filters were then placed between a microscope slide and a coverslip and were immediately observed by epifluorescence microscopy. At least 20 random fields of view (containing a total of at least 400 cells) were observed per slide, and the total numbers of dead (red) and living (green) cells were enumerated.
Our samples were also observed using environmental scanning electron microscopy (ESEM), a process that does not require any sample preparation involving liquids. Leaf segments were mounted on metal supports with doublecoated tape, placed in the microscope chamber, and immediately observed. Micrographs were collected using an Electroscan E3 ESEM operated at an accelerating voltage of 5.0 keV.
Frequency and size of aggregates. The frequency and size of bacterial aggregates on leaf surfaces were determined by image analysis of micrographs obtained by epifluorescence microscopy. To represent measurements in micrometers, the microscope and video camera were calibrated using a micrograded slide having parallel stripes separated by known distances. Captured images were transferred to a personal computer platform and individually processed with Corel Photopaint software (Corel Co., Ottawa, Canada) following a four-step sequence. (i) Due to the irregular topography of the leaf surface, some areas of the image captured were out of focus and were deleted manually. (ii) Bacteria (which fluoresced bright orange) were separated from the dark-brown background fluorescence corresponding to the leaf surface by selecting the appropriate threshold value of pixel intensity. (iii) The few fluorescent objects that were not bacterial cells remaining after the thresholding step were deleted manually. (iv) To facilitate measurements, the resulting image was converted into a binary image with bacteria represented in white and the leaf surface represented in black. Aggregate size and frequency measurements were conducted using IPLab software (Scanalytics Inc., Fairfax, Va.), which allowed automatic measurements of the number of individual objects in an image as well as their corresponding areas. The total number of cells per aggregate was then estimated based on the assumption that aggregates consisted of dense monolayers of bacteria with a surface area of 1.5 m 2 each. This procedure gave us an underestimation of the total number of aggregated bacterial cells. The area of leaf surface observed was deduced for each image by summing the areas of the leaf covered by bacteria (white pixels) and the areas of the leaf not covered by bacteria (black pixels). For ease of interpretation and to facilitate the creation of a visual image of the aggregates observed, aggregate sizes were expressed in values reflecting estimated numbers of cells instead of areas in square millimeters. Since large aggregates may have comprised several layers of bacterial cells as observed under field conditions (37) , this convention may have led to an underestimation of the number of cells in such aggregates. On the other hand, the use of a lowmagnification objective to maximize the leaf surface area visualized and in focus in a field of view might result in an overestimation of the total number of cells in small (1-to 4-cell) aggregates since the strong fluorescent signals of stained bacteria can form a fluorescent halo around the cells, thus leading to overestimation of their sizes.
Localization of aggregates. To associate an aggregate with a particular leaf surface feature, the leaf surface area was partitioned into discrete variables and defined as the sum of areas covered by the following anatomical structures: glandular trichomes, hooked trichomes, stomates, undifferentiated epidermal plant cells, and veins. Due to the large number of aggregates observed, only aggregates covering an area of 150 m 2 or more (e.g., 100 bacterial cells) were analyzed. Aggregate sizes were determined using processed images, and the corresponding unprocessed images were used to define the location of a given aggregate. When more than one large aggregate was present in the same image, To determine the relative areas occupied by the different anatomical structures on a leaf, 1-cm-wide transects were cut crosswise from the midvein to the margin at the base, midsection, and tip of a noninoculated primary bean leaf. Transects were then stained with acridine orange (0.1%, pH 7.0) and prepared for epifluorescence microscopy observation as described previously. For each transect, overlapping images were taken from the midvein to the leaf margin. To minimize areas out of focus, images were taken using a 10ϫ, 0.30-numerical-aperture Plan Neofluar objective (Zeiss Inc.); when necessary, several images of the same field of view were taken at different focal planes. Overlapping sections of the captured images were manually deleted before measurements were performed. For each image, masks corresponding to individual glandular trichomes, hooked trichomes, stomates, or veins were manually drawn and their corresponding areas were measured using IPLab software. The area covered by undifferentiated epidermal plant cells was deducted by subtracting the sum of areas covered by the different anatomical structures from the total area measured. Data transformation and statistical analysis. Estimations of the total number of cells per aggregate and frequency distributions were obtained using Microsoft Excel software (Microsoft Co., Redmond, Wash.). Descriptive statistic determinations, a Kolmogorov-Smirnov test for normality of nontransformed and logtransformed data, Duncan's multiple range test, a chi-square goodness of fit test, and calculation of the cutoff size values and slopes of the truncated power laws (TPL) were all performed with Statistica software (Statsoft Inc., Tulsa, Okla.).
RESULTS
Combination of acridine orange staining and image analysis. The approach used in this study allowed us to visualize bacteria and to measure the frequency and size of bacterial aggregates directly on the leaf surface. While the spatial patterns of bacterial colonization of bean leaves in the field and in the greenhouse were qualitatively similar, the leaves of plants grown in the field were partially covered with autofluorescent soil particles or plant debris (which was difficult to differentiate from bacterial aggregates) and thus were not suitable for an extensive and accurate quantification of the number and size of bacterial aggregates. Image analysis was therefore performed on bean plants grown in the greenhouse following inoculation with P. syringae pv. syringae strain B728a. The spatial patterns of colonization of bean leaves were qualitatively similar on the abaxial and adaxial leaf surfaces. Characterization of bacterial aggregates was therefore performed on the upper leaf surface, since it has a more even topography as well as a lower density of long autofluorescent hooked trichomes. The relatively low magnification (ϫ250) used allowed us to observe large leaf surface areas and to minimize the percentage of out-of-focus areas on captured images and yet allowed us to visualize individual bacterial cells. The use of a 650-nm short-pass filter was necessary for the visualization of individual cells and small aggregates that would otherwise be masked by the strong red autofluorescence of the leaf. Qualitative observations (using ESEM) of our samples revealed the same colonization pattern of bacteria on leaves. No bacterial cells were observed associated with stomates, and the presence of dark spots of reduced electron reflection, probably corresponding to a localized difference in chemical composition, was observed at the base of trichomes and along veins.
Use of ESEM confirmed that aggregates were preferentially associated with glandular trichomes or veins or were occasionally observed along leaf margins or associated with a wounded epidermal cell, indicating that acridine staining did not redistribute cells. While the spatial distribution of aggregated cells on field-grown plants followed the same colonization pattern, we were not generally able to visualize solitary cells. Samples were observed at a relatively low level of magnification that may not have allowed us to detect individual cells, due to the presence of strongly autofluorescent soil particles or plant debris and also because the size of bacteria grown on leaves is significantly smaller than that of cultured cells (34) . While the use of acridine orange did not allow differentiation between P. syringae cells and cells of other bacterial species, the data reported in this study were very consistent with those of experiments performed using green fluorescent protein-tagged P. syringae cells (unpublished data). As determined on the basis of plate counts of culturable populations, in addition, P. syringae cells represented over 99% of the cells present on the leaf surfaces of bean plants.
Quantification of bacterial aggregate sizes. To obtain a sample of leaf surface bacterial populations sufficiently representative to allow projection across an entire leaf, several square millimeters of leaf surfaces containing between 12,000 and 65,000 aggregates were measured at each sampling time (Table  1) . At 0, 2, and 8 days of incubation after inoculation with a dilute P. syringae cell suspension, bacteria covered 2.2% Ϯ 0.4%, 4.8% Ϯ 0.1%, and 12.0% Ϯ 2.5% of the leaf surface, respectively. After incubation for several days, cells were not randomly scattered over the leaf surface but occurred in a wide array of cluster sizes ranging from single cells to aggregates with over 10 4 cells each. While after 2 days total bacterial populations on leaves had increased little after achieving a population size of ca. 10 6 CFU/cm 2 , the average aggregate size increased with time and the largest aggregates observed at 0, 2, and 8 days after inoculation consisted of approximately 200, 2,500, and 11,000 bacterial cells, respectively (Table 1) . Aggregates observed on leaf surfaces of plants maintained under conditions of low RH were less numerous and smaller than aggregates observed on leaf surfaces of plants maintained under conducive conditions for the same period of time (data not shown). The proportion of living cells on leaves was less than 1% after 8 days under dry conditions; when plants where kept under conducive conditions, the proportion of living cells remained stable (at ca. 90%) during the course of the experiments. While data are not reported, the same experiments were performed on several additional leaves and the data obtained showed a similar pattern.
Frequency of bacterial aggregates. The large majority of bacterial cell aggregates observed on leaves were relatively small, and aggregate sizes exhibited a strong right-handskewed frequency distribution (Fig. 1) . Aggregates consisting of 64 cells or fewer represented 99.9, 99.3, and 98.1% of the total number of aggregates observed after 0, 2, and 8 days, respectively. The distribution of aggregate sizes was not well described by the log-normal value. To compare frequency distribution of aggregate sizes as a function of time, the TPL, consisting of two power functions separated by a cutoff size (C), were applied to our data. The cutoff sizes and slopes were calculated after plotting the log of the total number of aggregates against the log of the number of cells per aggregate. The slope of the second TPL functions decreased significantly with time, indicating that the number of larger aggregates increased with increases in incubation time (Fig. 2) . No significant differences were observed between the slopes of the first power functions which corresponded to small aggregates (less than 12 cells/aggregate).
Relative percentages of solitary and aggregated cells on leaf surfaces. While large aggregates are not frequent on a given leaf, they can account for the majority of the cells present. We also observed that the proportion of the total number of cells that were located in larger aggregates increased with incubation time (Fig. 3) . Immediately after inoculation, only 2.7% of the cells were located in aggregates containing 100 cells or more. This proportion dramatically increased with incubation time and, when considered over several leaves, reached (on average) 22.7 and 62.2% after 2 and 8 days, respectively. At 8 days after inoculation, half of the cells were located in aggregates containing 300 cells or more. A great deal of variation in the degree of aggregation was observed between leaves and between leaf segments as well as within individual leaf segments. For example, the proportions of cells located in aggregates containing 100 cells or more for each of three leaves sampled 7 days after inoculation were 32.8, 64.1, and 71.4%, 4A) . Observation (at 7 days after inoculation) of 10 different segments within the same leaf revealed that the percentages of cells located in large aggregates differed greatly among leaf segments; we observed that within this collection of leaf segments, the proportions of cells located in aggregates containing 100 cells or more ranged from 1.3 to 78.9% and that the proportions of cells located in aggregates containing 1,000 cells or more ranged from 0.0 to 67.3% (Fig. 4B) . In different fields of view taken within a given leaf segment, the proportions of cells located in aggregates containing 100 cells or more ranged from 0.0 to 94.9% and the proportions of cells located in aggregates containing 1,000 cells or more ranged from 0.0 to 85.4% (Fig. 4C) . Spatial distribution of bacterial aggregates. To determine whether bacterial aggregate formation occurred preferentially at particular sites on the leaf surface, we first quantified the relative fraction of the leaf that comprised different anatomical features on the upper surface of a primary bean leaf. Stomates, veins, hooked trichomes, and glandular trichomes accounted for 17.1% Ϯ 0.3%, 7.3% Ϯ 0.4%, 1.2% Ϯ 0.2%, and 0.6% Ϯ 0.1% of the leaf surface, respectively. The remaining 73.8% Ϯ 0.8% was defined as undifferentiated epidermal cells (Table 2) . Aggregates were observed associated with all anatomical features of the leaf surface except stomates. Aggregates were observed at the base of glandular and hooked trichomes and in the grooves between cells associated with veins and nondifferentiated epidermal cells. Comparison (by calculation of the chi-square goodness-of-fit values) of the observed and expected (as determined from the relative surfaces of each anatomical feature) numbers of aggregates associated with the different anatomical features demonstrated that aggregates are not randomly distributed on the leaf surface but are preferentially associated with veins and trichomes (P Ͻ 0.001). Chisquare goodness-of-fit values were also calculated to test the hypothesis that aggregate sizes are randomly distributed for each anatomical feature. The hypothesis could not be rejected for hooked trichomes (P ϭ 0.81) and veins (P ϭ 0.24). Aggregates associated with glandular trichomes were significantly (P Ͻ 0.001) larger and aggregates associated with undifferentiated epidermal cells were significantly (P Ͻ 0.005) smaller than those on hooked trichomes and veins (Fig. 5) . Bacterial aggregates were most likely to be observed at the base of glandular trichomes where they formed large "pools." Occasionally, a large aggregate was observed to be associated with a wounded epidermal plant cell.
Spatial heterogeneity among sampling units and estimation of population sizes. Culturable bacterial-population sizes (determined for entire leaves and leaf segments by plating appropriate dilutions of leaf washings on agar medium) were compared with total population sizes estimated by image analysis. Culturable bacterial-population sizes among the small sampling units employed demonstrated a high level of variability (Fig. 6 ). The differences between segments in aggregation patterns of total bacteria (as well as the overall increase in the number and size of aggregates through time) are reflected in the large variations observed in mean/variance ratios (used as aggregation indexes) (Fig. 7) . 
DISCUSSION
This study provides the first quantitative information on the frequency and size of bacterial aggregates determined directly on leaf surfaces and demonstrates that aggregated bacteria account for the majority of the cells present on a leaf. At 8 days after inoculation of P. syringae on bean leaf surfaces, between 30 and 70% of the total epiphytic bacterial population was located in aggregates containing 100 cells or more. Our data corroborate a previous study (using a method based on the separation of solitary and aggregated cells by filtration of leaf washings) that reported that aggregated cells could account for from 10 to 40% of the total bacterial population on broad-leaf endive and parsley (38) . Unpublished data from the same laboratory suggest that on cantaloupe, the aggregated fraction can represent up to 70% of the total epiphytic bacterial population (36) . While their approach is a fast and easy way to demonstrate the presence of aggregated cells on individual leaves, it is not as quantitative and may not reflect the original aggregation status of cells on plants or provide information about the size and spatial distribution of aggregates. The direct observation and measurement of bacterial aggregates on the leaf provide more interpretable information on the number of aggregates present and their size frequency distribution and spatial location.
Description of the spatial distribution of epiphytic bacteria at a scale corresponding to their sizes provides biological and ecological information about the processes that lead to successful colonization. Kinkel et al. have shown that bacterial populations are highly variable among leaves and among individual 9-mm 2 leaf segments (23) . Our data confirm such observations and provide further information about the sites at which bacterial populations are aggregated within individual leaf segments. The variability in spatial aggregation clearly extends even to small regions within a given leaf segment (Fig.  4C) . While the variability in population sizes observed at the plant, leaf, or leaf segment level could result from several environmental and biological factors, the variability observed within leaf segments seems to be driven by the presence or absence of microsites conducive to bacterial growth. Cells were not randomly scattered over the leaf surface and occurred in a wide range of cluster sizes, roughly reflecting the spatial heterogeneity of nutrients available on leaf surfaces (28) .
Previous qualitative studies (using scanning electron microscopy) revealed that the most common sites of bacterial colonization are at the base of trichomes, at stomates, and at epidermal cell wall junctions, especially in the groove along the veins. Our study revealed that P. syringae pv. syringae strain B728a preferentially formed aggregates at the base of glandular trichomes and in the grooves along the veins, with smaller aggregates found only in the grooves between epidermal cells and at the base of hooked trichomes; we hypothesize that due to a limited amount of nutrients, the latter sites allow limited bacterial growth. For such large aggregates to form, that is, the physical environment must be conducive and an ample supply of carbon-containing nutrients must be present. The use of whole-cell biosensors for sugars on leaves revealed that the sites of ample sugar abundance on a leaf are few and small (28) , and the use of such sensors to establish correlation between aggregate formation and the availability of growth sub- The lack of free water on leaves may have reduced the rate of nutrient leakage onto leaves and restricted the spatial motility of the nutrients, thereby reducing the rate at which aggregates could grow. We hypothesize that while aggregate formation is favored by the presence of water, aggregates might also contribute to the survival of bacteria periodically exposed to desiccation stress. The repeated exposure of leaves to such stress may be an important factor in causing such a large proportion of cells to be found in such aggregates.
In support of such a model, quantification of any differential survival results for solitary and aggregated cells on leaves should prove informative. Bacterial colonization of plants clearly occurs preferentially at certain features of a leaf. While other studies show that P. syringae pv. syringae can colonize stomates of pear and apple leaves (31, 32), we did not observe any colonization of bean stomates. Small aggregates were sometimes observed associated with stomates under field conditions, but we could not conclude whether such aggregated cells were P. syringae cells or represented other bacterial species. The aggregates that formed along the veins were stretched along the grooves between cells and probably resulted from exudation of nutrients as well as the presence of residual water. Occasionally, a large aggregate was observed in association with a wounded epidermal cell, reinforcing the concept that nutrient availability limits the formation of aggregates on leaf surfaces. Glandular trichomes probably offer optimal conditions for microbial growth due to their ability to retain water droplets (10) and secrete a diversity of chemical compounds, including sugars, proteins, oils, secondary metabolites, and mucilage (2, 40) . Aggregates associated with glandular trichomes formed large contiguous pools and were markedly different in shape from aggregates observed near other sites. Their shapes strongly suggest that trichomes leak nutrients onto the leaf surface from a point source and that bacterial growth is promoted by the leakage of these nutrients.
Using different microscopy techniques to observe aggregates on leaf surfaces, Morris et al. have also reported that large aggregates (on field-grown leaves) were often attached to glandular trichomes (37) . In a recent study, we have also reported that cells were significantly larger near glandular trichomes (34) , suggesting that the physiological state (presumably driven by ample nutrient resources) of the bacteria in such sites is different from that in sites where aggregates are not formed. Different bacterial strains may behave differently, and a given strain may also behave differently on the leaf surfaces of different plant species; however, we have observed that the spatial distributions of Pantoea agglomerans and Pseudomonas FIG. 5 . Observed and expected frequency distributions of aggregate sizes associated with glandular trichomes (GT) and nondifferentiated epidermal cells (EC) 8 days following inoculation with P. syringae pv. syringae strain B728a on bean leaf surfaces. Aggregates associated with glandular trichomes were more numerous (P Ͻ 0.001) and significantly larger (P Ͻ 0.001) than expected. Aggregates associated with nondifferentiated cells were significantly smaller (P Ͻ 0.005) and less numerous (P Ͻ 0.001) than expected. The same results were observed 2 days after inoculation (data not shown). fluorescens cells on bean leaf surfaces were similar to that observed for P. syringae (unpublished data). While our result cannot be generalized to other strains, P. syringae pv. syringae strain B728a seems typical of pathogens with an epiphytic phase and other strains such as P. syringae DC3000 seem atypical. As reported by Boureau et al., P. syringae DC3000 is a poor epiphytic colonizer and seems to be an exception to the general P. syringae model (9) . Like microbial biofilms observed in aquatic environments, aggregates observed in the phyllosphere are characterized by a localized high level of density of cells. Within a few days following inoculation we observed aggregates containing between 10 4 and 10 5 cells. The physiology of the aggregated population might be influenced by the high level of cell density. Cells within aquatic biofilms are markedly different phenotypically from planktonic cells of the same species. It has been reported that as many as 30% of the genes of a given species are expressed selectively within biofilms (13) , and it has been shown that the expression (including exopolysaccharide production) of several genes is affected in biofilms (41, 48) . Although gene expression of bacteria on a leaf surface might be influenced by many factors that differ within the microenvironment encountered on the leaf, several traits important in plantmicrobe interactions have been shown to be regulated in a cell density-dependent manner via quorum-sensing mechanisms (4, 12, 15, 26, 47) . Several plant-associated bacteria (including Erwinia spp. and Xanthomonas spp.) have been shown to regulate the expression of traits involved in pathogenicity by production of N-acylated homoserine lactone (N-acyl HSL) (4, 26, 47) . Several authors have now reported that most plant-pathogenic bacteria (including species with an epiphytic phase, such as Erwinia spp. and Pseudomonas spp.) produce N-acyl HSLs (11, 15, 47) . These reports, combined with our observations, suggest that density-dependent expression of traits involved in epiphytic interactions with plants can also occur. Given that P. syringae produces cell-signaling compounds (15, 16, 24, 25) , we speculate that cells in aggregates in which such compounds would accumulate such signals might have a different epiphytic fitness than more-solitary cells. Our preliminary results strongly suggest that aggregated cells of P. syringae may benefit from N-acyl HSL production, since mutants of P. syringae pv. syringae strain B728a unable to produce N-acyl HSL exhibit a reduced ability to survive desiccation stress after multiplying on bean plants (unpublished data).
The presence of large clusters of bacteria on leaves might also increase the potential for metabolic and genetic exchange. Bailey et al. have reported that remarkably high rates of transfer of conjugative plasmids can occur on plants (3) . In an attempt to demonstrate the role of aggregates in plasmid exchange among epiphytes, Jacques et al. (M.-A. Jacques, C. E. Morris, and M. J. Bailey, Abstr. Proceedings 5th Eur. Meet. Bacterial Gen. Ecol., Nafplion, Greece, vol. 1, abstr. S1, p. 135, 1996) have characterized plasmid distribution among different strains of fluorescent pseudomonads in an individual aggregate isolated from broad-leaved endive and reported that half of the strains contained the same mercury-resistant plasmid. Bjorklof et al. have reported that plasmid transfer was highly efficient when plants were incubated under conditions of high RH (7) but could also occur under conditions of low RH and when bacterial growth had ceased (8) . These authors suggested that plasmid transfers occurred in small aggregates observed on the leaf surface. They have also reported that plasmid transfer FIG. 6 . Culturable population sizes of P. syringae pv. syringae strain B728a among different leaf segments cut from an individual bean leaf, 0, 2, and 8 days after inoculation. Bacteria were removed from individual 44-mm 2 segments at each harvest time. The variance/mean ratios for populations on different segments collected 0, 2, and 8 days after inoculation with P. syringae were 971, 104,434, and 157,812, respectively. rates decreased when bacteria were inoculated separately in time and have suggested that the formation of a mucoid matrix might have acted as a barrier for gene transfer by preventing cell-to-cell contact (8) . While their observations were not sufficiently detailed to have described the large, but infrequently occurring, aggregates found here, we find it tempting to speculate that the rates of plasmid exchange would be particularly high at such sites. Thus, the patchy distribution of nutrients leading to bacterial aggregates on leaves may provide important breeding grounds for microbial diversity in plant-associated bacteria. While P. syringae is a plant-pathogenic bacterium with a particularly prominent epiphytic phase (20) , our knowledge of how P. syringae is able to survive on leaf surfaces and how disease is initiated is still limited. The results reported in this study provide new insights into its epiphytic life (often viewed as the first step in the infection process). The formation of large aggregates, probably embedded in extracellular polysaccharide (37), might provide an ecological niche for the majority of the cells of P. syringae present on a leaf that is different from that of the more solitary cells which had previously been considered typical of epiphytes. Judging on the basis of the presumption that cells located at the bottom of an aggregate are protected, aggregates might provide a protected site in which bacteria could escape harsh conditions encountered on the leaf surface. While bacterial growth apparently occurs preferentially near potential sources of nutrients, aggregates might also be sites where (because of the large local cell density) phytotoxins (such as syringomycin and syringopeptin) are locally produced, thereby leading to an increased availability of nutrients by increasing plant cell leakiness (6) . Aggregates might also be sites where disease is induced because of the selected expression of virulence genes. While there is as yet no published report of N-acyl HSL production on leaf surfaces, P. syringae might express virulence genes in a cell density-dependent manner in epiphytic aggregates.
The objective of our study was to quantitatively describe the spatial distribution of bacterial aggregates on leaf surfaces, specifically during the epiphytic growth phase of P. syringae. Only asymptomatic leaves were sampled, and endophytic colonization was seldom observed during the time course of the different experiments. Endophytic colonization was associated with the different leaf features and occurs in the apoplast between plant cells inside the leaf tissue. No trend regarding correlations between endophytic colonization and any particular leaf feature was observed as Sabaratnam and Beattie have reported (45) for stomates. In their study, the authors considered bacteria resistant to leaf surface sterilization treatment to be endophytic. However, we have reported that a majority of the cells located in aggregates can survive when exposed to environmental stresses such as desiccation (35) . Judging on the basis of such observations, and since the majority of bacterial cells are located in large aggregates, we hypothesize that in their study Sabaratnam and Beattie may have underestimated epiphytic populations or overestimated endophytic populations.
In an attempt to link aggregate formation and the disease process, we were able to identify individual necrotic or watersoaked plant cells on young trifoliated leaves and observed that these were heavily colonized by P. syringae cells. However, we were not able to determine whether a given wounded plant cell resulted from the presence of an aggregate formed by this pathogen or whether an aggregate resulted from the presence of a wounded plant cell. While symptoms and endophytic colonization could be observed at a later stage of disease development, the relatively low frequency of occurrence of infections or symptoms on a given leaf (less than 10 per leaf) makes identification of such sites very difficult. The infection process is also probably prolonged and asynchronous, making it very hard to know when to look at and where to look on a leaf to identify the precursors of disease. While it is possible that not all aggregates induce disease, and even if (as is more likely) not all diseases come from aggregates, the goal is to determine the initial site of infection (i.e., that of a single plant cell); however, this will remain a technical challenge.
Aggregate formation among epiphytes has significant ecological implications that must be considered when designing strategies to control plant-pathogenic bacteria. As suggested above, at least some cells in large aggregates may be protected from bactericides applied to plants, especially when the cells are embedded in a mucoid matrix. The progressive decrease in the susceptibility of P. syringae to cupric hydroxide application to leaves with increasing periods of colonization prior to bactericide treatments may reflect the development of protective aggregates (1) . Since most antibacterial compounds have been developed on the basis of tests of their activity against planktonic cells in synthetic media, they probably differ in efficacy against aggregated epiphytic populations. In addition, a clustered colonization pattern of the leaf surface (with a majority of the cells located in a few large aggregates) may significantly on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ limit microbial interactions to a few sites as well as providing the "refuges" that have been proposed to account in part for the lack of efficiency of biological control agents applied to leaves (21) .
